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pattern from perfectly aligned molecules contains sufficient information to retrieve the structure directly from
the diffraction pattern, without the need for comparison
with a theoretical model [13, 14]. It is, however, so far
not possible to experimentally produce perfectly aligned
molecules in the gas phase for diffraction experiments.
We have recently shown that partial alignment, achieved
with a femtosecond laser pulse, is sufficient to retrieve
the structure of small molecules in a field-free environment [15, 16]. While it has not yet been shown that this
method can be applied to large molecules, it is clear that
diffraction patterns even with partial alignment provide
more structural information than diffraction patterns from
randomly oriented molecules. Multiple projections of the
structure can be recorded by rotating the alignment axis
with respect to the direction of the electron beam. An additional advantage of diffraction from aligned molecules
is that the modulation depth of the interference fringes
increases with alignment, which increases the signal-tonoise ratio in the patterns. Diffraction data from aligned
molecules have so far not been incorporated in the standard structure refinement methods of GED.
Molecules can be aligned using intense laser pulses
[17]. There have been several experimental demonstrations of electron diffraction from laser-aligned molecules.
The alignment breaks the circular symmetry of the diffraction pattern and can thus be detected by quantifying the
anisotropy in the patterns. The first experiments showed
anisotropy in the diffraction patterns when the molecules
are aligned with nanosecond laser pulses [18] and when

Abstract
Electron diffraction is a valuable tool to capture structural information from molecules in the gas phase. However, the information contained in the diffraction patterns is limited due to the
random orientation of the molecules. Additional structural information can be retrieved if the molecules are aligned. Molecules can be impulsively aligned with femtosecond laser pulses,
producing a transient alignment. The alignment persists only for
a time on the order of a picosecond, so a pulsed electron gun
is needed to record the diffraction patterns. In this manuscript,
we describe the alignment process and show the changes in the
diffraction pattern as a result of alignment. Carbon disulfide, a
linear molecule, was chosen as a model molecule for these experiments. We have also experimentally investigated the temporal evolution of the alignment and the dependence on the laser pulse intensity.
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Introduction
Gas electron diffraction (GED) has been a successful tool
to determine the structure of isolated molecules [1] and
continues to be applied widely [2–7]. The structures are
generally determined by combining data from GED with
other experimental methods and with theoretical models
to achieve a refined structure [8–12]. A limitation of GED
is that the random orientation of the molecules in the
gas phase greatly reduces the information content of the
diffraction patterns. It has been shown that a diffraction
1
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a dissociation reaction is triggered with a femtosecond
UV laser pulse [19, 20]. More recently, diffraction from impulsively aligned molecules has been demonstrated both
with electrons [15] and with X-rays [21].
In this manuscript, we show the changes in the diffraction pattern as a result of alignment. We also investigate
the temporal evolution of the alignment and the dependence on the laser pulse intensity. Carbon disulfide (CS2)
is used as a model molecule for this work for the following
reasons: (1) The polarizability anisotropy is large, which
gives higher degree of alignment; (2) the alignment process is much simpler for linear molecules than for asymmetric-top molecules; and (3) changes in the angular distribution of the molecule are reflected in the diffraction
pattern in a manner that is straightforward to interpret.
We observe in the diffraction patterns that the alignment
increases with laser intensity, in good agreement with simulations, and maps the temporal evolution of alignment
on the picosecond timescale.
The remainder of this manuscript is divided in the following sections: Laser alignment of molecules describes
the method of impulsive laser alignment; Calculation of
diffraction patterns from aligned molecules shows numerical simulations of diffraction patterns with partial and
perfect alignment; and Experiments compares experimental and simulated diffraction patterns in addition to
data on the temporal evolution of the alignment.

Laser alignment of molecules
Intense laser light can be used to align nonpolar molecules through an induced-dipole interaction. Laser alignment is a very active field to which many researchers have
contributed [17]. Alignment typically requires a high laser intensity, so the use of pulsed lasers is required. In
the case of impulsive alignment with femtosecond laser
pulses, the laser pulse creates a rotational wave packet
via Raman transitions. A higher laser intensity results in
higher rotational states being excited and thus can produce a narrower angular distribution. The laser pulses are
non-resonant, typically at a wavelength around 800 nm.
The duration of the laser pulses determines whether
the alignment process is adiabatic or impulsive. When the
pulse duration is longer than the rotational period of the
molecule, the alignment is adiabatic. In this case, the degree of alignment follows the intensity envelope of the laser pulse in time; i.e., alignment is highest when the laser
intensity is maximal, and the ensemble returns to a random distribution when the laser intensity goes to zero.
If the laser pulse duration is much shorter than the rotational period of the molecule, the alignment is impulsive.
In the classical picture, an impulsive torque is imparted to
the molecules. The torque depends on the orientation of
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the molecules with respect to the polarization of the laser field, with the maximum torque being for molecules
with their dipole moment at a 45° angle with respect to
the laser polarization. The maximum alignment is reached
a short time after the interaction with the laser pulse. This
classical picture, however, cannot explain the fact that after the initial alignment, there will be periodic revivals. In
the quantum mechanical picture, the laser excites a rotational wave packet. After the initial alignment, the different
rotational states in the wave packet will dephase and the
alignment disappears almost completely. The alignment
will then show periodic revivals at multiples of half the
rotational period of the molecule, as the rotational states
rephase periodically. The revivals will continue as long as
there is no decoherence mechanism, such as collisions.
The main advantage of impulsive alignment is that
the molecules can be probed in a field-free environment,
while the disadvantage is that the alignment is not as
sharp as in the case of adiabatic alignment. It is possible
to combine the best of both methods by using a shaped
laser pulse with a long rise time (adiabatic turn on) and
a very fast decay after the maximum intensity (non-adiabatic turn off) [22]. In this case, the molecules are aligned
adiabatically to reach a narrow angular distribution, and
then, the field is turned off suddenly. This leads to the
molecules being transiently aligned when the laser field
is switched off, and also to the revivals characteristic of
impulsive alignment. This method is more challenging to
implement because it requires a laser pulse with a large
spectral bandwidth to support the femtosecond turn off
and also a very high pulse energy to reach a high intensity
during the turn on. Such laser parameters are not available
in most laboratories, and can typically only be achieved at
low repetition rates that are not suitable for GED experiments where high count rates are needed.
For the purposes of determining molecular structures,
it is preferable to capture a diffraction pattern of molecules in a field-free environment, free from the high intensity of the laser pulse that might distort the molecular
structure or the diffraction process. For our GED studies,
we have used impulsive alignment with a femtosecond
laser pulse. A linearly polarized laser pulse produces an
alignment of the CS2 molecules along the direction of the
laser polarization.
We have simulated the interaction of CS2 molecules
with the laser by modeling the molecule as a linear rigid
rotor interacting with a non-resonant laser pulse described by the time-dependent Schro¨dinger equation
[23]. The excitation of the rotational eigenstates in the
presence of the laser field was calculated, and the evolution of the angular distribution of the molecules was
then obtained from the incoherent sum over all the initial
states given by the Boltzmann distribution. The excitation
is calculated, while the laser pulse is present (extending
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for four standard deviations of the laser pulse duration after the peak intensity), and then the distribution evolves
in a field-free environment. An initial temperature of 30 K
was assumed for the molecules. This temperature can be
achieved experimentally using a seeded molecular beam
in supersonic expansion. Lower rotational temperatures
lead to sharper alignment.
Figure 1 shows the results of the calculation. The laser parameters were set to a laser pulse duration of 200
fs and fluence of 0.58 J/cm2. The angular distribution of
the molecules is characterized by the parameter 〈cos2θ〉,
where the bracket denotes an ensemble average over
all the molecules, and θ is the angle between the alignment axis (the direction of laser polarization) and the axis
of each molecule (the line connecting the two S atoms).
A value of 〈cos2θ〉 = 0.33 corresponds to random orientation, while a value of 〈cos2θ〉 = 1 corresponds to perfect alignment. The zero of time in the simulation corresponds to the time when the calculation switches to field
free, which in this case is 360 fs after the peak of the laser pulse. The angular distribution already shows some
alignment by this time, meaning that there is a significant rotation of the molecules even during the short duration of the laser pulse. The alignment continues to become sharper after the laser pulse, reaching a maximum
of 〈cos2θ〉 = 0.49 at a time of 0.9 ps. The first alignment
peak has a FWHM of 1.8 ps, and thus in order to record a
diffraction pattern from aligned molecules, the temporal
resolution of the experiment must be on the same timescale or shorter. The time delay to reach maximum alignment and the duration of the alignment both decrease as
the laser intensity increases. After the initial alignment,
the wave packet dephases rapidly, although the distribution does not go back to random orientation. A trace of
alignment remains because the laser breaks the symmetry

Figure 1. Simulation of impulsive laser alignment of CS2. In
this simulation, the molecules
had an initial rotational temperature of 30 K, and the laser pulse
had a duration of 200 fs and fluence of 0.58 J/cm2

3

in the molecular rotations. Periodic revivals of alignment
(and anti-alignment) are observed with a time delay of approximately 76 ps. Revival corresponds to the molecules
aligning again along the direction of the laser polarization, while in anti-alignment, the molecules lie preferentially on a plane with the molecular axes perpendicular to
the laser polarization direction. The revivals appear at half
the rotational period of the molecule. The rotational constant of CS2 is B = 0.01353 meV, and the rotational period
is P = πħ/B = 152.8 ps.

Calculation of diffraction patterns
from aligned molecules
In GED experiments, the transverse coherence of the
electron beam is larger than the size of the molecules,
but it is smaller than the typical distance between molecules in the gas. The diffraction pattern is therefore composed of the incoherent sum of the scattering from individual molecules. The formulas for the diffraction pattern
can be simplified for the cases when the molecules are
perfectly aligned and for the case where the orientation
is random. For the case of partial alignment, one must
calculate the pattern due to a single molecule at different orientations with respect to the electron beam and
then average the patterns weighting their contributions
according to the angular distribution. In order to calculate the diffraction from a single molecule, we assume a
molecule at the origin of the coordinate system and an
electron beam propagating along the z-axis. For a molecule with N atoms, the total scattering intensity as a
function of the polar scattering angle and the azimuthal
angle φ is given by

4
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(1)
where I0 is a constant, →
r n is the position of the nth atom,
→ →
→
s = k – k 0 is the momentum change for diffracted electrons, r(h, /) is the distance from the origin to the detector position with angular coordinates (θ, φ), fn(θ) is the
scattering form factor of the nth atom, k = 2π/λ is the
wavenumber of the electrons and λ is the wavelength. The
waves scattered from each atom interfere at the detector,
which records the intensity of the wave. Internal vibrations
are not included in the model because the bond length
changes are beyond the resolution achieved in this work.
Most GED experiments to date have been performed
with randomly oriented molecules. After averaging over all
possible angular orientations of the molecule, one recovers the familiar formulas for the scattering intensity from
randomly oriented gas-phase molecules [1]:
(2)
where s = 2k sin(θ/2) is the magnitude of the momentum
transfer and the double summations are over all atoms in
the molecule. Notice that in this case there is no dependence on the azimuthal angle φ; i.e., the diffraction patterns will be circularly symmetric.
The total scattering intensity can be split into an
atomic and a molecular contribution. Assuming that the
distance from the molecules to the detector is much larger
than the size of the detector, so that r is approximately
constant over the flat surface of the detector, the total intensity becomes:

The patterns for partial alignment are simulated following the procedure described in Reference 16. Briefly,
the diffraction pattern is first calculated for a single molecule. Then the molecule is rotated and a new diffraction
pattern is calculated. Many such patterns are calculated to
finely sample all angular orientations. Finally, the patterns
are added incoherently, with weights given by the angular distribution produced by the calculation described in
the Laser alignment of molecules section.
We have simulated the diffraction patterns of CS2 molecules for various degrees of alignment. Figure 2 shows
the total scattering amplitude √ITotal for four different angular distributions: random orientation, partial alignment
with ⟨cos2 θ⟩ = 0.50, partial alignment with ⟨cos2 θ⟩ = 0.80
and perfect alignment. The alignment laser polarization is
along the vertical direction. The angular distribution was
taken from the simulations at the time of peak alignment.
For random orientation (Figure 2a), the pattern is circularly
symmetric. When the molecules are aligned, the diffraction pattern becomes anisotropic (Figure 2b, d). For perfect alignment (Figure 2d), the interference fringes can be
clearly seen on the pattern. The figure shows the two main
features of alignment: the diffraction patterns become
anisotropic, and the interference fringes become visible.
The contrast of the interference fringes increases with
alignment. Figure 3 shows a vertical cross section (across
the center) of the total scattering intensity ITotal as a function of s for the four diffraction patterns shown in Figure 2.

(3a)
(3b)

(3c)
where |fi(s)| and ηi are the amplitude and phase of the
form factor of the ith atom, respectively [24]. IMolecular contains the interference terms and thus the structural information, while IAtomic depends only on the atomic scattering
amplitudes and acts as a background. After the angular
averaging due to the random orientation, structural information is still present but only as a weak modulation
in the overall scattering intensity IRandom that is measured.

Figure 2. Scattering amplitude √ITotal for a) random orientation, b) ⟨cos2 θ⟩ = 0.50, c) ⟨cos2 θ⟩ = 0.80, and d) perfect
alignment. The laser polarization (alignment axis) is vertical
in the figure. The figure shows a range of momentum transfer from s = 0 Å–1 to s = 7 Å–1 in both the horizontal and vertical directions.
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Figure 3. Cross section of the total scattering intensity ITotal along
the direction of alignment for perfect alignment (blue dashed dotted
line), partial alignment with ⟨cos2
θ⟩ = 0.80 (green dashed line), partial alignment with ⟨cos2 θ⟩ = 0.50
(red dotted line) and random orientation (solid black line).

For the case of random orientation, the modulation is not
visible without further processing of the signal. The modulation then becomes progressively stronger as the alignment increases, reaching 100 % for perfect alignment (the
total intensity reaches zero for certain values of s). Due to
the increased modulation depth, the signal-to-noise ratio for patterns of aligned molecules can be much higher
than those of randomly oriented molecules. This could be
advantageous for studying more dilute samples or for timeresolved studies where the average electron beam current is low.
Experimentally, it is difficult to achieve a high degree
of alignment in a gas jet that is suitable for diffraction
experiments. The main difficulty is that very low temperatures (<1 K) are needed to reach a high alignment, but
this low temperature can only be achieved with very low
gas densities that are not adequate for diffraction experiments. When the alignment is weak, it can most easily
be detected by taking the difference between two diffraction patterns: one where the molecules are aligned
and one where the orientation is random. The difference
patterns are divided by the atomic scattering intensity to
bring up the interference features.
IDiff =

IAligned – IRandom
IAtomic

Figure 4 a–c shows the scaled diffraction patterns:
IRandom I
, IAligned IAtomic , and IDiff , respectively. The
Atomic
alignment corresponds to ⟨cos2 θ⟩ = 0.50, which can be
readily obtained experimentally. The scaling brings up the
diffraction rings in Figure 4a. In Figure 4b, the anisotropy
due to the alignment can be clearly observed. Finally, in
Figure 4c, the difference between the two patterns shows
a strong anisotropy and high contrast. The advantage
of the difference method is that any experimental background is removed when taking the difference.

/

/

Figure 5 shows two perpendicular cross sections of
IDiff. The vertical cross section is parallel to the alignment
axis, and the horizontal cross section is perpendicular to
the alignment axis. This shows that the difference method
is very sensitive to bring out the dependence of the diffracted intensity on the azimuthal angle φ. In fact, even
a very small degree of alignment of ⟨cos2 θ⟩ = 0.35 can
be reliably detected. GED is a very sensitive method that
could be used to determine the angular distribution of
molecules.

Experiments
We have experimentally recorded the diffraction patterns
of laser-aligned molecules as a function of the time after
the laser excitation, for different values of laser intensity.
Figure 6 shows a sketch of the experimental setup. The laser, electron and gas beams are mutually orthogonal. The
electron pulses are generated using a photocathode and
accelerated in a static field to a kinetic energy of 25 keV,
which corresponds to λ = 7.7 pm. The number of electrons
per pulse is set to 1000, which results in a pulse duration
of approximately 400 fs at the target. The beam current
was measured, and the corresponding pulse duration was
calculated using a particle tracer code. The laser pulses
have a duration of 200 fs, maximum energy of 2 mJ and a
wavelength of 800 nm. The laser operates at a repetition
rate of 5 kHz. CS2 molecules are seeded into a buffer gas
of Helium with a 1:20 ratio for rotational cooling. The de
Laval nozzle has a 30 μm diameter at the throat and a 90
μm diameter at the exit. A supersonic jet is formed after
the nozzle. The nozzle backing pressure is set to 1000 Torr.
The CS2 gas density is approximately 5 × 1015 molecules/
cm3 in the interaction region, and the rotational temperature is estimated to be around 30 K [25]. An imaging detector that can detect single electrons is used to capture

6

Yang and Centurion in Structural Chemistry (2015)

Figure 4. Scaled diffraction
patterns
a) IRandom/IAtomic ,
b) IAligned/IAtomic , and

c) IDiff .

The figure shows a range of
momentum transfer from s
= 0 Å–1 to s = 7 Å–1 in both
the horizontal and vertical
directions.

Figure 5. Vertical (dashed black line) and horizontal (solid blue
line) cross section of IDiff. The alignment axis is in the vertical
direction.

Figure 6. Experimental setup. The electron beam (green), laser
beam (red) and gas jet (gray) are mutually orthogonal. The transmitted electron beam (the part that is not diffracted) is blocked
to prevent saturation of the detector.

the diffraction patterns. The detector comprises a phosphor screen and an image intensifier that is fiber-coupled
to a CCD camera. Data are accumulated for 90 min to obtain diffraction patterns with good signal-to-noise ratio,
with the experiment operating at a repetition rate of 5 kHz
and 1000 electrons per pulse.
The temporal resolution was limited mainly by the
group velocity mismatch between photons and electrons
[26]. The width of the gas, laser and electron beams was
measured in the overlap region to determine the contribution of velocity mismatch to the resolution. The sizes
of electron beam, laser beam and gas jet are 100 μm, 100
μm and 200 μm full width at half maximum (FWHM), respectively. The overall resolution, including group velocity
mismatch and the duration of electron and laser pulses,
was 1.0 ps.
Figure 7a–c shows the measured difference patterns
IDiff for laser fluences of 0.16, 0.48 and 0.79 J/cm2, respectively. The corresponding laser intensities are 8 × 1011,
2 × 1012 and 4 × 1012 W/cm2. The values of the intensity are kept below the ionization threshold. The minimum laser pulse duration that the laser can produce is
40 fs, but for these experiments, the pulse duration was

stretched to 200 fs to achieve higher fluence (and thus
higher alignment) while keeping the intensity low enough
to avoid significant ionization. The pulse duration is still
short enough to operate in the regime of impulsive alignment. In a separate study, we have also observed that further increasing the laser intensity does not significantly increase the degree of alignment [27]. The center region (s
< 1.0 Å–1) of the diffraction patterns is blocked by a beam
stop, as shown in Figure 6. In Figure 7a–c, the center of the
difference patterns (the part blocked by the beam stop)
is filled in by letting the intensity smoothly go to zero toward the center.
Figure 7d–f shows the simulated diffraction patterns.
First, the molecular alignment was calculated using the
same laser and gas parameters as in the experiment. Then
the calculated angular distributions were used to simulate
the diffraction patterns. There is very good qualitative and
quantitative agreement between experiment and theory.
As the laser intensity is increased, the contrast increases
significantly in the difference patterns (see the color scale
bar next to each image), and it increases in a similar way
in experiment and theory. The shape of the diffraction pattern also changes, and the interference fringes become

Gas-phase electron diffraction from laser-aligned molecules
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Figure 7. a) – c) Experimental IDiff for laser fluences of 0.16, 0.48 and 0.79 J/cm2, respectively. d) – f) Patterns simulated using the experimental parameters. The alignment value is ⟨cos2 θ⟩ = 0.38 in d, ⟨cos2 θ⟩ = 0.46 in e, and ⟨cos2 θ⟩ = 0.54 in f. The patterns show a range
of momentum transfer from s = 0 Å–1 to s = 5.6 Å–1 in both the horizontal and vertical directions.

less curved as the alignment increases, showing that the
molecules are more tightly aligned. In the simulations, the
alignment increases from ⟨cos2 θ⟩ = 0.38 in Figure 7d to
⟨cos2 θ⟩ = 0.54 in Figure 7f.
We have also monitored the temporal evolution of the
alignment. Experimentally, the alignment can be characterized by the anisotropy in the diffraction pattern. In order to quantify the anisotropy, each pattern is divided in
four quadrants: two that are aligned vertically and two
horizontally. The boundaries of the quadrants are defined
by two straight lines that cross at the center and start and
end at opposite corners of the image. The anisotropy is
calculated by adding the counts in the range between
s = 1 Å–1 and s = 3.5 Å–1 and is defined as
Anisotropy =

IHorizontal – Ivertical
IAtomic

where IHorizontal and Ivertical are the total counts in the horizontal and vertical quadrants, respectively. In this range,
there is a large difference in the intensity of the diffraction rings in the vertical and horizontal directions (see
Figure 5).
Figure 8a shows the temporal evolution of the anisotropy as a function of time for three different values of the
laser fluence. Figure 8b shows the calculated values of
⟨cos2 θ⟩ for the same values of laser fluence. Both experiment and simulation show a strong increase in alignment
with laser fluence. In both experiment and simulation, the
maximum alignment is achieved between 1.2 and 1.5 ps
after time zero. By this time, the laser pulse is gone and
the molecules are in a field-free environment. The time
delay to reach peak alignment decreases as the laser fluence increases and higher rotational states are excited.

The width of the alignment peak is also comparable in theory and experiment when the temporal resolution is taken into account. The full width at half maximum
(FWHM) of the experimental measurement for the highest
intensity (blue solid line in Figure 8a) is 1.6 ps. The FWHM
of the corresponding theory curve in Figure 8b is 1.3 ps.
The broader peak measured experimentally results from
the convolution of the width of the alignment peak with
the temporal resolution of the measurement of 1 ps. Assuming Gaussian widths, we can estimate that the experimental value should be √1.32 + 1.02 = 1.6 ps.
After the alignment, the anisotropy does not return to
zero. The higher the alignment, the higher the offset from
random orientation that remains afterward. This can be
seen in both experiment and theory. As mentioned before,
it is a feature of the alignment process that the distribution does return to random afterward. It is worth noting
that for the intermediate intensity in Figure 8b (dashed
green curve), the remnant alignment after the peak is very
low, ⟨cos2 θ⟩ = 0.34. As can be seen in Figure 8a, even this
very small alignment can be detected with good sensitivity using GED.

Summary
This paper describes the basic mechanisms and features
involved in electron diffraction from aligned molecules.
We have shown both experimentally and theoretically that
it is possible to record diffraction patterns from molecules
impulsively aligned by a femtosecond laser pulse. In this
case, peak alignment is reached after the laser pulse is
gone, and thus, a diffraction pattern can be captured in
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a field-free environment. The alignment produces a clear
signature in that the diffraction patterns become anisotropic. Alignment also increases the contrast of the interference in the diffraction pattern. The data in diffraction from
partially aligned molecules could potentially be incorporated with the standard procedures for structure refinement of GED, as it can provide additional constraints. One
current limitation is the small s range captured in timeresolved diffraction experiments, but that is expected to improve significantly with improved technologies in electron
pulse generation and compression [28, 29].
Acknowledgments — This work was supported by the US Department of Energy Office of Science, Office of Basic Energy Sciences
under Award Number DE-SC0003931.

Figure 8. Temporal evolution of alignment. a) Experimental
measurement of anisotropy for laser fluences of 0.16 J/cm2 (red
dashed dotted line), 0.48 J/cm2 (green dashed line) and 0.79 J/
cm2 (blue solid line). b) Simulated degree of alignment for laser
fluences of 0.16 J/cm2 (red dashed dotted line), 0.48 J/cm2 (green
dashed line) and 0.79 J/cm2 (blue solid line).
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